ABSTRACT In this paper, we introduce a reconfigurable artistic patch antenna with unidirectional circularpolarization (CP) radiation. The novel geometry composed of a Chinese character Meng ( )-shaped patch and dual L-shaped feeding probes that are connected to a PIN-diode-based switching circuit. The simulated and experimental results show that the proposed antenna achieves the operating bandwidth from 2.4 to 2.5 GHz that covers dynamically the 14 channels of IEEE 802.11/b/g/b/ax. By switching the L-probes, either left-handed CP or right-handed CP can be generated to cover different seven-channel blocks in order to enhance the channel efficiency. A broadside realized gain varying between 5-6 dBic and an efficiency of −0.5dB were recorded. The proposed antenna holds an overall dimension of 0.72λ 0 ×0.72λ 0 ×0.12λ 0 with an aperture efficiency of 59% at 2.45 GHz.
I. INTRODUCTION
Every young researcher has a dream, whether it is a contribution to success or a career in the future. A young person having no dream is worse than no money. The ''dream'' in Chinese character printing is '' '' whereas its Hanyu pinyin is ''Meng''. This paper presents a dual-feed artistic patch antenna wherein a single Chinese character of Meng was chosen to sculpt a wall-mounted hidden antenna for indoor 2.4-GHz wireless local-area network (WLAN) access points. Over the last decade, reconfigurable antennas have owned ability to modify the radiating fields dynamically of the antennas' effective aperture, and thus attracting widespread interests in the antenna community [1] - [10] . Among the frequency-, the pattern-and the polarizationreconfigurable antennas or their combinations [4] , [5] , the CP reconfigurable techniques [6] - [12] are the one of most popular research topics. CP antennas offer unique advantages to combat multipath scattering and fading problems and hence overcome the channel interference in a dense environment.
Traditional single-feed circularly polarized (SFCP) patch antennas require perturbation on symmetrical patch geometries [11] - [16] in order to generate CP main beam in the broadside. The perturbed regular geometries are usually described by using a few geometrical parameters. For examples, the E-shaped patch [11] , the cross-slotted circular patch [12] , the perturbed square patch or nearlysquare patch [13] , the U-slot patch [14] , [15] , the H-shaped patch [16] , and the annular-ring slot antenna [17] , to name a few. Recently, SFCP antenna with Chinese-character shapes, such as the Wang-shaped patch [18] - [20] , and the Guo-shaped patch [21] have been initiated due to its attractive artistic appearance that can be used as the hidden antennas in various environments. It is worthy of note that the abovementioned SFCP patch antennas excluding the perturbation segments, all have symmetrical geometries about at least one of axes. Hence, most CP reconfigurable techniques use symmetrical placements of PIN diodes on the antenna elements. For instances, PIN diodes were symmetrically positioned on opposed sides of the eccentric annular ring slot [6] , two PIN diodes were placed on the symmetrical slots of an E-shaped patch [11] , the four PIN diodes were placed symmetrically on a square patch [22] , and the eight PIN diodes were placed on the slotted ground-plane of a square patch [23] . Very recently, novel reconfigurable antennas [24] - [27] were proposed for WLAN and polarization scanning. Yang and Zhu [24] , and Yang et al. [25] proposed linearly-polarized (LP) pattern-reconfigurable antennas for 360 • coverage. In [26] , a polarization-reconfigurable magnetoelectric dipole for 5-GHz Wi-Fi was presented. However, the profiles of these reconfigurable antennas are found to be relatively high, and complex control circuitries were used as compared with the one in [27] , wherein a low-profile cavity-backed slot antenna with a simple control circuit was presented.
This work focuses on an asymmetrical Meng-shaped patch antenna, where the perturbation of such irregular artistic shape is hardly to be explained using conventional theories. The proposed artistic patch antenna was delicately designed leading to generation of unidirectional CP wave in its broadside. Moreover, its polarization handedness can be electrically controlled by using a microwave switch, where PIN diodes were placed on the feeding network. The design objectives of the proposed antenna are twofold: one is to embed Chinese art into antenna design whereas the reconfigurable polarization is able to enhance the channel efficiency and capacity against interference in indoor high-density environments.
II. ANTENNA GEOMETRY AND RECONFIGURABLE DESIGN
The combination of the Chinese character with microstrip patch antenna design to form an artistic antenna is the novelty of the present work. The asymmetrical geometry of the Mengshaped patch, as shown in Fig. 1(a) , is the source of design challenge for devising an antenna, particularly a CP antenna. Moreover, the traditional perturbation theories applied to SFCP antennas are hardly used. In this artistic antenna design, we used 52 coordinate points, as summarized in Table 1 , to outline the skeleton of the Meng-shaped patch with respect to the origin (0,0) in the xy-plane. Namely, the center of the dielectric substrate is chosen as the reference point. This is the innovative technique used for the design of Chinesecharacter based artistic antenna, where the irregular artistic shapes can be clearly described. Fig. 1(b) shows the side view of the reconfigurable antenna in xz-plane, wherein two 0.5-mm thick dielectric laminates of RO4003C (ε r = 3.38, tanδ = 0.0027) were used to form the antenna cavity. The dielectric layers were mounted together by using four nylon bolts with a height of H =15mm. The Chinese character of Meng is printed in SimHei font on the topside of the upper dielectric layer, whereas a copper ground-plane having a size of 88mm × 88mm was realized on the topside of the second (lower) dielectric layer. A control circuitry composed of PIN diodes used as a microwave switch was fabricated and mounted on the bottom side of the second dielectric layer. The essential geometrical parameters appeared in the side view and those relevant to the L-probe feeds are listed in Table 2 .
In order to obtain good impedance matching and wide return-loss bandwidth (RLBW) and axial-ratio bandwidth (ARBW), the capacitive feeding technique of L-shaped feeding probe [28] , [29] was employed, hereunder named as L-probe. The feed mechanism of L-probe in the layered structure provides a capacitive impedance to counteract the probe inductance. Thereby, both the impedance matching and axial-ratio tuning can be tackled without reliance on the artistic patch geometry, but on feed geometry and feed locations. In this design, dual L-probes with a diameter of D=1.0mm were used to facilitate the reconfigurable polarization. The L-probes were precisely placed underneath the Meng-shaped patch at the feed coordinates/ locations: f L (−10,−6.2) and f R (15.5,−4.8) for the LHCP and RHCP, respectively. In addition, the feed angles (α=45 • , β=90 • w.r.t. x-axis) of the L-probes are found to be the crucial parameters for obtaining low axial ratios of the main beams. This dual-L-probe fed reconfigurable antenna owns a footprint (aperture) size of 88 mm×88 mm with an overall height of 16 mm (excluding battery) at the center frequency around 2.44 GHz. Figure 2 shows the PIN-diode-based control circuitry of the polarization reconfigurable antenna. Surface mount RF chocks (68 nH) and DC blocking capacitors (26pF and 82pF) were chosen from Murata [30] , and two pairs of PIN diodes, BAR64, supplied from Infineon Technologies [31] were used to fabricate the microwave single-pole-double-throw (SPDT) switch. The equivalent circuits of the forward bias (ON state) and the reverse bias (OFF state) were considered during the circuit design. The purpose of connecting a pair of PIN diodes in series is to enhance the reverse-bias breakdown voltage and improve the isolation between the output ports. When the battery switch was thrown onto position 1 (Fig. 2) , the PIN diodes D1 and D2 have (+3V) forward-biased and the RF signal is connected to the LH-probe so that the Mengshaped patch radiates a unidirectional LHCP main beam in the broadside. Likewise, the RF signal passed to the RH-probe when D3 and D4 were in the ON-state after switching into position 2, the patch antenna radiates an RHCP main beam. The photographs of the fabricated Meng-shaped patch and the reconfigurable control circuitry are displayed in Fig. 3 . 
III. DESIGN EVOLUTION AND PARAMETRIC STUDY
Unlike conventional regular-shaped SFCP antennas, the artistic patch of Meng has additional design constraints because of the Chinese character and artistic font. Namely, we cannot carry out much optimization/tuning on the patch geometry itself, but rather on the excitation or feeding mechanism of the CP antenna. The current Meng-shaped patch was developed step-by-step, which started from a single L-probe and extended to dual L-probes. The following subsections illustrate the loading effects of L-probes as well as the effects of feeding angles from the horizontal arms. The studies were undertaken via an EM simulation tool, Microwave Studio CST [32] .
A. LOADING EFFECTS OF L-PROBES
The current form of the feeding system uses two L-probes, one for each CP handedness controlled by the microwave SPDT. Four scenarios (S1 to S4) were considered: two represent for either LH-or RH-probe removed away (denoted as ''X'') whereas the other two denote the dual L-probes coexisting but one is switched OFF, as shown in Table 3 . Note that the reconfigurable antenna is single-fed to the patch in each of the scenarios. Figure 4 displays the results of loading effects due to the addition of L-probe reflecting from the impedance matching (in term of return loss) in Fig. 4(a) and the axial-ratio (AR) performance shown in Fig. 4(b) . For the sake of clarity, the frequency scale of Fig.4(b) is enlarged in order to examine the variation of minimum ARs. It can be observed that the effects on the return loss performance are minimal. However, the effects on AR performance are found to be sensitive. The 3-dB ARBWs have not changed much though, the minimum ARs became slightly better whereas the corresponding frequencies decreased. As a result, the loading effect of L-probes gave rise to the AR frequency shifting downward: 35 MHz from the LH-probe versus 30 MHz from the RH-probe. Upon these results, the dual L-probes were placed at 25.5mm away each other along x-axis in order to achieve the best AR performance.
B. EFFECTS OF FEEDING ANGLES
The positions of the horizontal arms are described by the angles α and β for the RH-and LH-probe (Fig. 1) , respectively. When examining the effects due to the change of β (RH-probe) from −45 • to 90 • with respect to the x-axis, the angle α was fixed at 90 • while β was increasing in step of 45 • . Likewise, β was fixed at 45 • when examining the effects due to the feeding angle α changing from −45 • to 90 • . A general trend of AR variation, similar to the loading effect, was observed from both the changes of horizontal-arm positions, angles β and α, as shown in Figs. 5(a) and 5(b) . The frequencies at which the minimum AR occurred decreased with increasing feeding angles. However, both the AR and gain variations (Figs 5(c) and 5(d)) from the LHprobe are found to be less sensitive than that from the angle changes of RH-probe. A limit of each probe can hence be deduced from the results as shown in Fig. 5 , angle α is 45 • whereas β is 90 • , the performances get worse if the angles go beyond that. These can be verified by drawing straight lines that link between the coordinates 34 and 47, and the coordinates 1 and 6, respectively.
C. EFFECTS OF APERTURE SIZE
In this work, the aperture size is defined as the lateral size of the Meng-shaped patch antenna in xy-plane. The groundplane size is the same as the lateral size as shown in Fig. 1 . Fundamentally, the broadside directivity of microstrip patch antenna is a function of aperture size as well as the operating frequency. Namely, a higher unidirectional gain can be obtained by using a larger aperture size at the cost of antenna footprint occupation. However, the CP performance in term of AR is also affected by the aperture size or ground-plane size in this design. Figs. 6(a) to 6(d) demonstrate the effects of aperture size of the Meng-shaped patch antenna on the on-axis AR performance and the broadside gain performance expressed in term of aperture efficiency for both the LHCP and RHCP configurations. The aperture efficiency is the ratio of antenna's effective aperture (A eff ) to the antenna's physical aperture (A phy ). Herein, the aperture efficiency is computed for four physical areas which have square apertures with side lengths of 80, 88, 90 and 100, respectively, by using (1)
where G is the broadside ratio gain (unitless) obtained by simulation for different aperture sizes, and n is the ratio of physical aperture with respect to one square wavelength at the center frequency of 2.45 GHz. It is observed that, from Fig. 6 , a smaller aperture size gives a higher aperture efficiency in general. However, the minimum AR and the corresponding ARBW when using aperture of (80mm) 2 do not fulfill the WLAN bandwidth requirement of 2.4 to 2.5 GHz. Therefore, an optimum aperture size was chosen as (88mm) 2 for this Meng-shaped patch design.
IV. RESULTS AND DISCUSSION
The direction of surface current flows on the SFCP patch can reveal the CP sense of main-beam radiation in the far field. To verify the achievement on the generation of different CP handedness from the Meng-shaped patch, we inspected the current distributions between switching probes excitation under the same phase condition at 2.45GHz, as displayed in Fig. 7 . From the Chinese character point of view, the character ''Meng'' can be decomposed into two portions. The upper portion of Meng composed of two characters of ''Mu'' ( ) whereas the lower portion the character ''Xi'' ( ) is located. When the LH-probe is excited, most currents flow in the left-handed ''Mu'' of the Meng-shaped patch and circulates in the ''Xi'' in a clockwise direction, as shown in Fig. 7(a) . Likewise, when the RH-probe is excited, most currents located in the right-handed ''Mu'' and most currents are also flowing inside the character ''Xi'' in a counter-clockwise direction, as shown in Fig. 7(b) . As a result, independent main beams with different senses can be produced in the broadside direction.
The far-field antenna performance was undertaken by using the SATIMO StarLab near-field chamber at Qingdao University of Technology. The simulated and measured ARs and RLs of the LHCP and RHCP are plotted versus frequency in Figs. 8(a) to 8(d) , respectively, whereas the simulated and measured realized-gain and the total efficiency are shown in Figs. 8(e) and 8(f ) accordingly. As seen, all the predicted results are validated with the measured ones in a reasonable sense. The small discrepancies could be attributed to the unexpected material tolerances and fabrication uncertainties. One can observe that the operating bandwidth (OBW) of the Meng-shaped patch antenna is solely determined by the 3-dB ARBW for both the LHCP and RHCP cases. Namely, the measured operating bandwidth was achieved from 2.389 to 2.455 GHz (2.73%) for the LHCP whereas it was from 2.44 to 2.50 GHz (2.43%) for the RHCP. The measured 15-dB RLBW were obtained wide enough to cover the operating bandwidths in both cases. The measured gain and efficiency were recorded as 5-6 dBic and around −0.5 dB, respectively. To verify the far-field CP performance, the simulated and measured radiation patterns of the LHCP and RHCP in two cuts (ϕ=0 • and ϕ=90 • ) are compared as displayed in Fig. 9 . A slight beam down-deflection in ϕ=90 • plane has been observed.
Based on the measurement results, the proposed CP reconfigurable antenna is confirmed to be able to cover the 14 channels of the 2.4-GHz band WLAN with switching polarizations. These are summarized as follows. LHCP: the measured 3-dB ARBW of 66 MHz which is the lower operating bandwidth covers the first seven channels (CH.1-CH.7) of IEEE 802.11b/g/n/ax; RHCP: the measured ARBW of 60 MHz covers the upper operating bandwidth for the second seven channels (CH.8-CH.14). The dynamical polarization switching demonstrates the effective use of frequency spectrum with polarization diversity against the possible channel interference and multipath fading. In addition, the antenna aperture of Meng-shaped patch antenna was appropriately used despite of the narrow-band nature of SFCP antennas. Upon the average gain calculated from the gain ranges of LHCP and RHCP, the average aperture efficiency of the proposed antenna is computed as 59%. Table 4 shows a comparison between the proposed Meng-shaped patch antenna and the reference reconfigurable antennas, where all antennas, excepting [24] , are CP reconfigurable with similar center frequencies but using different control techniques. It should be mentioned that the order of the reference antennas is sorted by the magnitude of the average aperture efficiency that is computed by using (1) . The aperture size of each reference antenna is calculated based on the center frequency of the OBWs of LHCP and RHCP.
V. CONCLUSION
A novel Chinese-character based artistic antenna-Meng shaped patch antenna is presented in this paper. The Mengshaped patch has the asymmetrical geometry that challenges antenna designers but creates novelty on the designs of patch antennas. Overall, the proposed reconfigurable antenna achieves unidirectional circular polarization performance. By properly switching, both the first seven channels and the second seven channels of IEEE 802.11b/g/n/ax can be adaptively switched with LHCP and RHCP main beam, respectively. By this way, one can effectively select the polarization with different blocks of frequency channels in order to enhance the channel efficiency against the narrowband interference in a particular indoor environment. Within the entire operating bandwidth (2.4-2.5 GHz), the broadside realized gain was recorded varying between 5-6 dBic whereas the efficiency was measured about −0.5dB. The proposed antenna can be used as the hidden antenna for the wallmounted wireless access points.
In line with the CP reconfigurability, dynamic channel bonding and the artistic appearance with a small footprint of 0.72λ 0 ×0.72λ 0 , the proposed antenna is a promising candidate that well-suited for the development of next-generation WLAN, where the high spectral efficiency and high capability for combating multipath fading are demanded within highdensity indoor environments. As a higher gain is certainly demanded by long-range coverages, reconfigurable Chinesecharacter based antenna arrays, design modelling and design methodologies of Chinese-character shaped antennas will serve as the important research directions for future endeavors. 
